cholesterol esters had an unusually high proportion of fatty acids with a chain length of 24-30 carbon atoms, rather than the usual length of less than 20, in the brain and adrenals of X-ALD patients [3] . They speculated that this might interfere with myelin formation in the CNS and steroidogenesis in the adrenals. The causative gene for X-ALD was identified by positional cloning in 1993 [4] . It is mapped to Xq28 and named ATP-binding cassette, subfamily D, member1 (ABCD1; OMIM #300371). The gene product, ALD protein (ALDP), localizes in the membrane of peroxisomes and participates in the peroxisomal degradation of VLCFAs. X-ALD primarily affects the myelin of the CNS, adrenal cortex and Leydig cells of the testes. It is clinically classified into a wide range of phe-genetic analysis if available. Six patients were retrospectively examined, and five were prospectively evaluated.
Evaluation methods
The clinical symptoms, social behavior, school performance and use of medications were determined from the patients and their parents. The same neurologists evaluated physical and neuropsychological findings on every visit. Laboratory data were checked at intervals of three to six months.
Cerebral imaging
Cerebral MRI was performed in all cases for diagnosis and monitoring of the disease progression [11] . Loes score (MRI severity score) was evaluated (0-0.5 normal, 1-3 mild to moderate abnormal, >3 moderate to severe abnormal: max. score 34) [12] .
Laboratory determinations
Plasma ACTH concentration was measured using immunoradiometric assay kit (Mitsubishi Chemical, Tokyo). Plasma aldosterone concentration (PAC) was determined using a commercial RIA kit (SRL, Tokyo) and plasma cortisol by chemiluminescence enzyme immunoassay (Beckman, Tokyo). Adrenal function was rated as abnormal if the baseline cortisol level was <10 µg/dL, baseline plasma ACTH level was >100 pg/mL or cortisol response to ACTH stimulation test was suboptimal. Mineralcorticoid deficiency was considered to be present when the baseline PAC level was < 30 pg/mL (at supine position) or PAC response to ACTH stimulation test was suboptimal. The response to stimulation with exogenous ACTH (250 µg/ m 2 ) was considered normal if a cortisol level of >20 µg/dL was observed with more than twofold increment in PAC level. These hormones were measured in the morning to avoid diurnal variation, and ACTH stimulation test was performed during hospitalization.
Analyses of the plasma VLCFA levels and ABCD1 gene
Plasma VLCFA levels were determined by capillary gas chromatography-mass spectrometry. Analyses of the plasma VLCFA levels including lignoceric acid (C24:0), pentacosanoic acid (C25:0), hexacosanoic acid (C26:0) and their ratios to behenic acid (C22:0) were used to confirm the diagnosis of X-ALD [13] . DNA analysis for the ABCD1 gene was performed at Gifu University after obtaining informed consent from notypes that are determined by the age of onset, the organs involved and the rate of progression of neurological symptoms [5] , and these various clinical phenotypes were found to occur within members of the same family [6, 7] . The childhood cerebral form is the most common and has the most severe phenotype, characterized by the progression of intellectual, visual, hearing and gait disturbances during school age. After onset, the clinical course progresses rapidly, leading to an apparently vegetative state within 2 to 4 years and thereafter to death after varying intervals. Addison's form has primary adrenal insufficiency without evidence of nervous system involvement.
Bezman et al. estimated the minimum frequency of hemizygotes in the United States to be 1:42,000 and that of hemizygotes and heterozygotes to be 1:16,800 [7] . Its incidence in Japan was estimated to be between 1:30,000 and 1:50,000 boys [8] . A Japanese nationwide retrospective survey between 1990 and 1999 found 286 X-ALD patients: 154 from internal medicine and neurology, 100 from pediatrics, 21 from psychiatry and 11 from special hospitals. The number of patients in Japan was estimated to be between 155 and 215, taking into account the recovery rate of the first questionnaire, and detailed data on 154 patients from 144 families were reported from 109 departments [8, 9] . These 154 Japanese patients revealed various phenotypic distributions: childhood cerebral form (29.9%), adrenomyeloneuropathy (AMN) form (25.3%), adult cerebral form (21.4%), adolescent form (9.1%), olivo-ponto-cerebellar (OPC) form (8.4%), presymptomatic form (4.5%) and symptomatic female patients (1.3%). Interestingly, Addison's form was not reported in this survey, although it has been recognized in other countries [1, 2, 10] . Here, we present eleven Japanese boys with X-ALD treated at our hospital. The aim of the present study was to assess the clinical aspects and adrenal functions of Japanese pediatric patients with X-ALD.
patients and Methods

Patients
We reviewed the medical records of eleven Japanese boys with X-ALD followed from 1990 to 2010 in the pediatric department of Osaka University Hospital. The diagnosis of X-ALD was made on the basis of clinical manifestation, cerebral magnetic resonance imaging (MRI), accumulation of VLCFAs and (N=8), 1 year (N=2) and 2 years (N=1). Full-scale intelligence quotient (FIQ) score of the patients at diagnosis ranged from 58 to 107 (Table 2) . Performance IQ (PIQ) was not evaluated in cases 2 and 4 because of visual disturbance, although verbal IQ (VIQ) was reserved. Two patients were evaluated by developmental quotient (DQ), with scores ranging from 63 to 89 (Table 2) .
Clinical classifications
The patients were clinically classified into four types: childhood cerebral form (N=8), OPC form (N=1), Addison's form (N=1) and presymptomatic form (N=1) ( Table 1) . Three cases (cases 7, 8 and 11) were relatives; two brothers (cases 7 and 8) and their maternal cousin (case 11). Their mothers were identified as the carriers, and various clinical phenotypes were observed within this pedigree. Two male maternal relatives had already died and were suspected of having had the childhood cerebral form and the adult cerebral form. One patient (case 3) with the childhood cerebral form had a mother with the AMN form, who had complained of paralysis in her lower legs since the age of 26 years.
Cerebral MRI
MRI scans of patients with the childhood cerethe parents. Family members were also examined for VLCFA levels and ABCD1 genes after obtaining informed consent for genetic counseling.
results
Physical status
Eleven Japanese males with X-ALD were included in this study (Table 1) . Their ages ranged from 5 to 13 years. One boy (case 3) died from pneumonia at the age of 12 years. Neuropsychological abnormalities were observed as initial symptoms in eight patients (73%). These initial symptoms were as follows: gait disturbance in three (cases 1, 5 and 10); visual disturbance in three (cases 2, 3 and 4); convulsions in one (case 6); school failure, intellectual and behavioral changes in 1 (case 11). One boy (case 9) was incidentally identified by abnormality of cerebral MRI during acute encephalitis with Rota-virus infection. Two brothers (cases 7 and 8) with no neurological abnormalities were identified by genetic analysis of the proband (case 11) to have the childhood cerebral form, whereas the elder brother had already suffered moderate skin pigmentation and general fatigue. Their ages at diagnosis of X-ALD ranged from 2 to 11 years. The intervals between the initial symptom and diagnosis were all within two years: less than 1 year NA: not available, *relatives sufficiency was undertaken in seven patients (64%): from the diagnosis of X-ALD in five, from half a year after the diagnosis in one (case 8), and from the SCT procedure in one patient (case 1) ( Table 3 ). The dosage has been adjusted and gradually increased according to serum morning cortisol, ACTH and 24-hour urinary free cortisol excretion. The present dosage varies with the individual: 5-30 mg of hydrocortisone (N=5), 1 mg of dexamethasone and 0.15 mg of fludrocortisones (N=1) and 2.5 mg of prednisone (N=1).
Stem cell transplantation and other medical therapies
Five patients had received allogeneic SCT at the age of 2-8 years, all within one year of the diagnosis with X-ALD ( Table 2 ). The stem cell source was bone marrow (cases 3 and 4), cord blood (cases 2 and 9) or both (case 1). The transplanted cord blood cells were rejected in two patients (cases 1 and 9); one patient (case 1) received a second transplantation from HLA-matched allogenic bone marrow. The neurological prognosis after SCT was as follows: rapidly progressed and worsened after the SCT procedure (N=4) or slowly progressed and stabilized (N=1). Four neurologically advanced patients were assessed as too advanced to receive SCT. For two neurologically normal but affected brothers (cases 7 and 8), HLA-matched stem cell units had been discovered in the cord blood bank. They had been evaluated by neuropsychological tests and cerebral MRI every six months for early detection of cerebral involvement and appropriate timing for SCT.
Lorenzo's oil was recommended for all patients although its effect was not clear. Adequate nutrition was given by nasogastric or gastrostomy feeding in four patients.
Prognosis after the diagnosis
One bedridden patient (case 3) died at the age of 12 owing to pneumonia six years after the diagnosis or five years after the SCT. Ten patients are alive: bedridden (N=4), with developmental delay (N=2), in a wheelchair (N=1), a student of a junior high school for the blind (N=1) and elementary school students (N=2) ( Table 2) . discussion X-ALD is an X-linked disorder, which is caused by a mutation in the ABCD1 gene encoding ALDP bral form showed characteristic white matter lesions. These lesions symmetrically involved the periventricular parietooccipital white matter associated with huge inflammatory demyelination. Loes score at diagnosis ranged from 0 to 13 (Table 2) .
Laboratory studies
Adrenocortical functions were rated as abnormal at diagnosis with X-ALD in five cases (cases 2, 5, 7, 9 and 11): baseline plasma ACTH level >100 pg/ mL (146-1558 pg/mL) as well as suboptimal cortisol response to ACTH stimulation test (5.27-17.6 µg/dL) ( Table 3 ). Serum studies, including electrolytes, glucose and liver functions, yielded normal results in all patients. Baseline PAC levels were normal for patient age. PAC response to ACTH stimulation was evaluated in five prospective cases; two patients (cases 7 and 11) yielded suboptimal PAC response. Baseline renin (PRA) levels were 4.0 (case 7) and 3.0 ng/mL/h (case 11). The adrenocortical functions worsened in two patients during follow-up: 6 years after the diagnosis of the childhood cerebral form or five years after stem cell transplantation (SCT) in case 3, and 6 months after the diagnosis of the presymptomatic form in case 8. Testosterone deficiency was not obvious in our pediatric patients.
Analysis of the plasma VLCFA levels and ABCD1 gene
All patients and their family members (all but one mother, one grandmother and two sisters) revealed elevation of VLCFA levels and the examined ratios (C24:0, C25:0, C26:0 / C22:0). This elevation was not observed in the parents and younger brother of one sporadic case (case 1). Nine patients had mutations in ABCD1gene, which had all been previously reported with the exceptions of c.1780+1163-del 6273 (bp) and c. 2010 GCTAC>TAT (Table 1) . They had the same mutations as their family members, with the exception of one sporadic case (case 1). The parents of case 9 declined to undergo genetic analysis of the family members although none of the family members had revealed neurological abnormalities. Two retrospectively analyzed patients (cases 3 and 4) could not be genetically analyzed.
treatments
Steroid replacement
Steroid replacement therapy for adrenocortical in-and 1999 [8] , and only 5 of 145 neurologically disturbed X-ALD patients manifested adrenal dysfunction as an initial symptom [9] . The Addison's form might have been overlooked in Japan because X-ALD was often associated with long intervals, sometimes decades, between the appearance of Addison's disease and neurological symptoms. Interestingly, many X-ALD adult patients develop testosterone deficiency and azoospermia, whereas testicular dysfunction was not apparent in our pediatric patients. Since the present result was obtained from a small number of patients, there may be some limitations in the analysis. The next nationwide study should evaluate more accurately the rate of adrenal insufficiency in Japanese X-ALD. Steroid replacement therapy is the only effective and readily available therapy for X-ALD. ALDP exists in the adrenal cortex but not in the adrenal medulla, which is in line with the pathological findings of lamellae and lamellar-lipid profiles shown to contain VLCFA esterified to cholesterol in adrenocortical cells [22, 23] . Allogeneic SCT is the only fundamentally effective therapy for neurological pathology to date, if provided at an early stage of brain lesions [24, 25] . It appears to provide benefits only for those patients who have little or no CNS involvement and have a stem cell donor who is well matched with regard to HLA [26, 27] . Patients with Addison's form were not considered appropriate for SCT because steroid replacement therapy was safer than SCT procedure and the damage to the adrenal gland might not be reversible. To the best of our knowledge, the adrenal function of X-ALD at post-SCT has not been reported. The adrenocortical function in case 3 worsened during followup: 6 years after the diagnosis of the childhood cerebral form or five years after SCT. Furthermore, all of our patients with adrenocortical insufficiency have been supplemented after SCT (Table 3 ). The worsening of adrenal function after SCT was assumed to be due to progression of X-ALD because it is unlikely that the conditioning regimen of SCT for ALD was so intensive as to cause adrenal insufficiency [26] . The long-term benefits of SCT in X-ALD might be mediated by the replacement of brain microglial cells derived from donor bone marrow myelo-monocytic cells [28] . Donor-derived cells in the brain after cord blood SCT in a Hunter disease patient were recently identified [29] . It is also possible that benefit might be derived from the combination of immunosuppression and re-(http://www.x-ald.nl/) [1.2] . ALDP participates in the peroxisomal degradation of VLCFAs in oligodendrocytes and microglia, and its deficiency disrupts myelin maintenance by these cells [14] . The development of assays to detect the accumulation of VLCFAs in blood, red blood cells, fibroblasts and amniocytes enabled accurate diagnosis of X-ALD [15, 16] . Indeed, we were able to correctly diagnose all patients in this study from the assay of their sera.
A nationwide retrospective survey in Japan between 1990 and 1999 found 286 X-ALD patients [8] . In a second survey, precise data on 154 patients from 144 families were reported. Interestingly, Addison's form, that is, adrenal insufficiency without neurologic disease, was not reported in this Japanese nationwide survey. In our present study, eleven Japanese cases of childhood X-ALD were divided into four clinical types: childhood cerebral form (N=8), OPC form (N=1), Addison's form (N=1) and presymptomatic form (N=1). Similar to the previous reports, there was no correlation between ABCD1 gene mutations and clinical phenotypes. Their carrier mothers did not manifest neurological abnormalities, with the exception of one mother with the AMN form. In this survey we found unrecognized adrenocortical insufficiency (5/11: 45%), glucocorticoid insufficiency (5/11: 45%) and suboptimal PAC response (2/5: 40%). Glucocorticoids are usually more affected than mineralcorticoids, but the precise mechanism of adrenocortical insufficiency has yet to be clarified. The exact prevalence of Addison's form within X-ALD as well as the frequency of X-ALD among male patients with idiopathic Addison's disease has not been specified [10, 17, 18] . Perry et al. studied the causes of primary adrenal insufficiency in 103 patients (48 boys) at the Sainte-Justine Hospital [19] . They identified congenital adrenal hyperplasia as the most frequent etiology (71.8%), but non-CAH etiologies accounted for 28.2%, of which four males (3.9%) had X-ALD. Ronghe et al. described that 11 out of 13 cases of children with Addison's disease were caused by underlying X-ALD in Southwest England [20] . Dubey et al. showed that approximately 80% of 49 asymptomatic boys with X-ALD, identified by plasma VLCFA screening of at-risk relatives, already had biochemical evidence of clinically silent adrenal insufficiency [21] . In contrast, Addison's form without neurological symptoms was not found in 154 X-ALD patients registered in a nationwide survey in Japan between 1990
Traditional pharmacological approaches including Lorenzo's oil combined with a dietary regimen and immunosuppression are of little, if any, benefit [30] . Other specific therapies are under evaluation including gene replacement and pharmacological gene therapy [31, 32] . Recently, Cartier et al. initiated a lentiviralmediated gene therapy of hematopoietic stem cells in two X-ALD patients for whom there were no matched donors for SCT [32] .
In conclusion, we detected a higher prevalence of unrecognized adrenocortical insufficiency in eleven Japanese children with X-ALD than previously thought. Endocrinological follow-up of potential adrenocortical insufficiency is essential for patients with X-ALD, and early detection of presymptomatic patients is also important for morbidity and prognosis. Larger studies are required to evaluate more accurately the adrenal functions in Japanese X-ALD.
constitution by a new set of immune-regulating cells, which ameliorate the inflammatory effects of X-ALD or may serve as an exogenous source of corrective factors to degrade VLCFA and/or to provide the favorable modifier substance. Because cerebral X-ALD is a progressive disorder, all patients with demyelination can be expected to exhibit further injury to myelin before stabilization occurs after SCT. Indeed, our patients experienced neurological deterioration into advanced cerebral disease after the procedure. However, the indications for SCT in presymptomatic X-ALD should be carefully considered, as it is still impossible to predict their clinical phenotypes and there are still risks associated with the SCT procedure. As a biological marker is unavailable for prediction of the onset of cerebral demyelination, careful monitoring of neurological examination and cerebral MRI are the only tools to identify patients who will benefit from SCT.
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